The isoeugenol monooxygenase (iem) gene from Pseudomonas nitroreducens Jin1, responsible for the conversion of isoeugenol to vanillin, was cloned and overexpressed in Escherichia coli. The purified Iem had a predicted molecular mass of 54 kDa. The V max , K M , and k cat values for it, using isoeugenol as substrate, were 4.2 mol vanillin min À1 mg À1 of protein, 120 M, and 3.8 s À1 , respectively. Maximum substrate turnover for Iem occurred at 30 C and pH 9.0. An 18 Oxygen-labeling experiment revealed that oxidative cleavage of isoeugenol by Iem was catalyzed via a monooxygenation reaction, and that incorporation of the oxygen atom from O 2 into vanillin was preferable to incorporation from water. While the catalytic activity of Iem, as prepared, did not require the addition of any organic or metal cofactor, ICP-MS analysis showed 0.7 mol of iron per mol of Iem. Moreover site-directed mutagenesis of Iem of four conserved histidine residues individually, His 167 , His 218 , His 282 , and His 471 , which appear to be involved in ligand bonding with Fe 2þ , resulted in a loss of activity. Enzyme activity was not appreciably influenced by preincubation of Iem with high concentrations of chelators, suggesting that iron is tightly bound. Iem has an iron-mediated mechanism that is widely spread among the three domains of life.
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Phenylpropanoid compounds are the largest group of secondary metabolites produced by plants for mechanical support and in response to biotic and abiotic stresses, including infection and wounding. [1] [2] [3] Phenylpropanoids are abundant, and serve as low-priced natural precursors in the production of a variety of natural flavors and fragrances. 4) Recently, there have been numerous studies on the microbial production and biotransformation of vanillin from phenylpropanoid compounds, including ferulic acid, phenolic, stilbenes, lignin, eugenol, and isoeugenol. [5] [6] [7] [8] Isoeugenol is commercially available, at a current market price of about USD 9 per kilogram, 9) making it an economically viable starting substrate for microbiologically synthesized vanillin.
We have reported the identification of an isoeugenol monooxygenase gene, iem, from Pseudomonas nitroreducens Jin1.
10) The iem gene, which was heterologously expressed in E. coli, converted isoeugenol to vanillin via oxidative cleavage of the propenyl functional group attached to the aromatic group. Iem had 81% amino acid sequence identity to an isoeugenol monooxygenase (Iso) from Pseudomonas putida IE27, 11) which also produces vanillin and acetaldehyde from isoeugenol.
11) Moreover, it had 41.8, 39.2, and 27.2% amino acid identity to lignostilbene-,-dioxygenase isozymes I (LSD-I) from Pseudomonas paucimobilis TMY1009, 12) a carotenoid oxygenase (CRTO) from Novosphingobium aromaticivorans DSM 12444, 13) and an apocarotenoid-15,15 0 -oxygenase (ACO) from Synechocytis sp. PCC 6803 14) respectively. Interestingly, the substrates for oxygenases usually have a double bond, which is subjected to enzymatic catalysis.
Iron is often a metal cofactor in the activation of dioxygen in non-heme iron-containing oxygenases. 15) The purified LSD-I from P. paucimobilis contained 0.017 mol of iron per molecule of the enzyme protein, which was found to play a pivotal role in LSD-I activity. 16) Similarly, the ACO from Synechocytis also showed enhanced activity after Fe 2þ ions were added to the enzyme reaction solution.
14) The recently described crystal structure of ACO revealed that Fe 2þ is coordinated with dioxygen and four active center histidines, which are strictly conserved among members of the carotenoid oxygenase family. 14) Similarly to what was found for ACO, all four histidine residues are also conserved in the amino acid sequences of Iem, Iso, LSD-I, and CRTO. 10) In the present study, we purified Iem to investigate its physicochemical properties. Results of an 18 O-labeling experiment with Iem indicated that dioxygen is the y To whom correspondence should be addressed. Tel: +82-62-715-2437; Fax: +82-62-715-2434; E-mail: hghur@gist.ac.kr source of the oxygen atom incorporated into vanillin. Mutational and chemical analyses were used to provide evidence that Iem is a tightly-bound, iron-containing monooxygenase.
Materials and Methods
Chemicals. Isoeugenol was purchased from Acros Organics (Geel, Belgium). Eugenol, trans-anethole, isosafrole, styrene, cis-stilbene, and trans-stilbene were from Sigma-Aldrich (St. Louis, MO). OMethylisoeugenol, propenylguaethol, and trans--methylstyrene were from TCI (Tokyo). All the chemicals were dissolved in HPLC-grade dimethyl sulfoxide or ethanol, from Sigma-Aldrich and Fisher Scientific (Chicago, IL) respectively, to make 100-mM stock solutions.
Growth of Escherichia coli BL21(DE3) (pET-IEM). Escherichia coli BL21(DE3) (pET-IEM) expressing the cloned isoeugenol monooxygenase (iem) gene under the control of a tac promoter was constructed previously. 10) Cells were grown at 37 C with shaking at 200 rpm for 12 h in 50 mL of Luria-Bertani (LB) medium containing 50 mg/mL of ampicillin. Cell cultures (1%, v/v) were transferred to fresh LB medium (600 mL) in 3-L flasks and cultured at 37 C with shaking at 100 rpm until the optical density of a 600-nm cell culture reached 0.1-0.2, and this was followed by incubation at 20 C. IPTG was added to a final concentration of 0.1 mM when OD 600 reached 0.4-0.6, and the cells were further incubated for 12 h at 20 C with shaking at 100 rpm. They were harvested by centrifugation at 6;000 Â g for 10 min, washed twice with 20 mM Tris-Cl buffer (pH 8.0), and the cell pellets were stored at À70 C until use.
Purification of Iem. A 10-g aliquot of the cell pellet (wet weight) was resuspended in 20 mL buffer A (20 mM Tris-Cl, 10% glycerol, and 1 mM dithiothreitol, pH 8.0) and the cells were disrupted using an ultrasonicator (Cole-Parmer, Chicago, IL) at 70% amplitude for 20 min (3.0 s on and 9.0 s off). The cell lysate was centrifuged twice at 18;000 Â g for 30 min at 4
C. Approximately 400 mg of protein was applied to a Hiprep 16/10 DEAE FF column (GE Healthcare, Uppsala, Sweden) (bed volume 20 mL) pre-equilibrated with buffer A. Unbound proteins were eluted using 2 column volumes of buffer A. The column was washed with 4 column volumes of 83% buffer A and 17% buffer B (buffer A containing 0.5 M NaCl), and Iem was eluted from the column using 73% buffer A and 27% buffer B. The eluted protein fraction containing Iem was concentrated by ultrafiltration through an Amicon YM-30 membrane (Millipore, Bedford, MA). The protein was precipitated from solution with 55% ammonium sulfate over 3 h at 4 C, and collected by centrifugation at 18;000 Â g for 30 min at 4 C. The pellet was dissolved in buffer A and applied to a HiTrapÔ Desalting Column (GE Healthcare). The desalted proteins were loaded onto a Mono Q 5/50 GL column (GE Healthcare) pre-equilibrated with buffer A. The column was washed with 13% buffer B, and Iem was eluted with 20% buffer B. The purified protein was analyzed by electrophoresis on a 10% sodium dodecyl sulfate polyacrylamide gel, and the protein bands were stained with Coomassie Brilliant Blue.
17) The protein concentrations were determined by BioRad Protein Assay (BioRad, Richmond, CA) with bovine serum albumin (1.5 to 10 mg/mL) as standard.
18) The protein solution was stored at À70 C until use.
Enzyme assay. The activity of Iem was determined by measuring the amount of vanillin produced. The enzyme reactions (1 mL) containing isoeugenol (1 mM), Tris-Cl buffer (100 mM, pH 8.0), ethanol (10% v/v), and the purified enzyme (2 mg) were carried out at 30 C for 5 min. Reactions were initiated by adding isoeugenol, and stopped by adding 1 mL of 100% methanol. Reaction solutions were centrifuged at 13;000 Â g for 2 min at 4 C, and the supernatant was analyzed by HPLC to determine the amount of vanillin produced. One unit of Iem activity corresponds to the formation of 1 mmol vanillin min À1 . Another putative metabolite, acetaldehyde, was derivatized with 2,4-dinitrophenylhydrazine, 11) analyzed, and identified using HPLC and LC/MS as acetaldehyde-2,4-dinitrophenylhydrazone. The enzyme mixture was mixed with 1 volume of 5 mM 2,4-dinitrophenylhydrazone in 6 N HCl to derivatize acetaldehyde to acetaldehyde-2,4-dinitrophenylhydrazone after incubation 10 min at 30 C. The mixtures were extracted with 2 volumes of pure acetonitrile, filtered, and analyzed.
The optimum temperature for Iem activity was determined at 10 to 50 C, and the optimum pH was determined at 30 C using 100 mM of the following buffers: sodium acetate (pH 4.0-6.0), potassium phosphate (pH 6.0-7.0), Tris-HCl buffer (pH 8.0-9.0), and glycine-NaOH (pH 9.0-10.5). The thermal stability of Iem in buffer A and in 20 mM potassium phosphate buffer, pH 7.0, containing 10% glycerol and 1 mM DTT, was determined after 30 min of incubation at 4, 10, 20, 30, 37, 40, and 50
C. The substrate range of Iem was examined using compounds containing a propenyl or a double bond group attached to the aromatic ring structure: eugenol, trans-anethole, propenylguaethol, isosafrole, O-methyl isoeugenol, styrene, trans--methylstyrene, and cis-and trans-stilbene. Reactions were carried out in 0.1 M Tris-Cl buffer over 5 min at 30 C.
18 Oxygen-labeling experiment on Iem. In order to label 18 O 2 to vanillin, nitrogen gas was bubbled into the enzyme assay buffer for 10 min to purge oxygen gas in solution, and the O 2 -free buffer was transferred to 15-mL serum bottles with a nitrogen gas headspace. Ten mL of nitrogen gas in the bottle was replaced with 10 mL of 18 O 2 (98% purity). Purified Iem (10 mg) was added, and reactions were initiated by adding 1 mM isoeugenol using a gas-tight syringe (Hamilton, Reno, NV), and the mixture was incubated at 30 C for 10 min. In order to label 18 O of water into vanillin, a reaction mixture (500 mL) containing 499 mL of H 2 18 O (97.6% purity), 0.5 mL of Iem (10 mg), and 0.5 mL of isoeugenol (final concentration of 1 mM) was incubated at 30 C for 10 min. Substrate and products in reaction mixtures were extracted with 1 volume of ethyl acetate, and assayed by GC-MS.
Site-directed mutagenesis of Iem. Site-directed mutations in Iem were constructed a QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The reactions (50 mL) contained 40 ng of plasmid pET-IEM, 125 ng of forward and reverse primers, 0.05 mM deoxynucleoside triphosphates (dNTPs), 3 mL of QuikSolution, 10X reaction buffer, and water. Pfu Turbo DNA polymerase (2.5 U) was added, and PCR was done by the Mastercycler Personal PCR system (Eppendorf, Hamburg, Germany) with the following cycle profile: 1 cycle at 95 C for 1 min, 18 cycles at 95 C for 50 s, 60 C for 50 s, and 68 C for 7 min. The PCR products were treated with 10 U of DpnI for 1 h at 37 C to eliminate the original template plasmid. Site-directed mutations were confirmed by DNA sequence analysis, done by Macrogen (Seoul, Korea), and the mutated plasmids were transformed into E. coli BL21(DE3). C. An Fe(II) ion specific chelator, 1,10-phenanthroline (1 M), was prepared in 100% ethanol and an Fe(III) ion specific chelator, Tiron (0.1 M), was dissolved in water. Each chelator was added at a final concentration of 20 mM into an enzyme solution (10 mL) containing 1 mg of Iem in 20 mM TDG buffer (pH 8.0), and the solutions were incubated for 12 h at 4 C. Ultrafiltration was done using an Amicon YM-30 membrane and concentrated proteins were washed twice with 20 mM TDG buffer. Enzyme assays were done as described above, except reactions were incubated for 5 min at 30 C prior to the addition of isoeugenol.
Resting cell assay. E. coli BL21(DE3) strains carrying wild-type or site-directed mutations in Iem were cultured as described above. The cells were harvested and washed with 50 mM phosphate buffer (pH 7.0), and resuspended in the same buffer to an optical density of 1.0 at 600 nm. Two-mL samples of the cell suspension were transferred to 15-mL serum bottles containing 2 mM isoeugenol and 1 mM glucose and incubated at 30 C for 2 h, with shaking at 200 rpm. The isoeugenol and vanillin in the reaction mixtures were extracted with equal volume of ethyl acetate, and analyzed by GC or HPLC, as described below.
Analytical methods. To detect vanillin and isoeugenol, analytical high performance liquid chromatography (HPLC) was done using a Varian ProStar HPLC equipped with a photodiode array (PDA) detector (Varian, Walnut Creek, CA) and a reverse phase C18 Spherisorb (Waters, Milford, MA) column (5 mm particle size, 4:6 mm Â 25 cm). The mobile phase at a flow rate of 1 mL min À1 , consisted of acetonitrile and water containing 0.1% (v/v) formic acid, and the gradient was programmed as follows: 10% acetonitrile at 0 min, 20% acetonitrile at 5 min, 40% acetonitrile at 12 min, 90% acetonitrile at 17 min, and hold at 90% acetonitrile for 5 min. Twenty mL of each sample was injected, and UV detection was done at 270 nm. For acetaldehyde, a gradient of solvent was changed as follows: 30% acetonitrile for 5 min, 60% acetonitrile at 15 min, 100% acetonitrile at 20 min, and hold for 5 min.
Liquid chromatography/mass spectrometry (LC/MS) was done by coupling an Alliance 2695 (Waters) with a SunFire C18 column (3.5 mm, 2:1 Â 150 mm, Waters) to a Quattro LC triple quadrupole tandem mass spectrometer (Waters) in negative electrospray ionization (ESI À ) mode. For LC analysis, the mobile phase, elution program, and detection were the same as those for analytical HPLC, and the flow rate was 1 mL/min. For MS analysis, the source temperature, desolvation temperature, and capillary voltage were kept at 150 C, 350 C, and 3.2 kV respectively. The cone voltage was 20 V. The cone gas and desolvation gas were ultrapure nitrogen set at 30 and 500 L/h respectively.
A Shimadzu GC-17A gas chromatograph (GC) equipped with a flame ionization detector (Shimadzu, Kyoto, Japan) was also used to detect substrates and metabolites. One-mL aliquots of ethyl acetateextracted reaction solutions were injected into the GC using a gas-tight syringe (Hamilton, Reno, NV). The GC was equipped with a RTX-5 capillary column (30 m, 0.32 mm, 1.0 mm), and the injector and detector temperatures were 300 C. The column temperature was set at 200 C for 5 min, raised to 250 C at a rate of 15 C min À1 , and increased to 300 C at a rate of 50 C min À1 , followed by holding for 2 min.
Gas chromatography-mass spectrometry (GC-MS) was done using a GCT 1800 GC-MS (Waters) combined with an Agilent HP 6890 gas chromatograph. The column (DB-5 MS column, 30 m Â 0:25 mm Â 0:25 m) temperature was set at 60 C for 5 min, raised to 150 C at a rate of 10 C min À1 , raised to 300 C at 15 C min À1 , and then held for 10 min. The mass/charge ratios (m=z) at intensities of !5% of the highest peak were recorded for the molecular ion (M þ ) and major fragment ions.
Inductively coupled plasma mass spectroscopy (ICP-MS) was used to determine the amount of iron in Iem. Enzyme solutions were acidified with 2% HNO 3 and analyzed by Agilent Technology 7500ce ICP-MS (Palo Alto, CA). The amount of iron in enzyme was quantified by a standard curve containing 0-100 ppb iron.
Results and Discussion
Purification of isoeugenol monooxygenase Iem was purified from E. coli BL21(DE3) (pET-IEM) by EAE anion-exchange column chromatography, ammonium sulfate precipitation, and MonoQ anionexchange column chromatography. Iem was purified 10.5-fold, with a 6.3% yield and a specific activity of 4.2 units per mg of protein (Table 1) . SDS-PAGE analysis of the protein showed a single band with a predicted molecular mass of 54 kDa (Fig. 1) . This was equivalent to the deduced molecular mass based on the amino acid sequence obtained by translation of iem. The purified enzyme was stable in buffer A at À70 C for several months.
Enzymatic parameters
The Iem reaction with isoeugenol as substrate had V max , K M , and k cat values of 4.2 units/mg, 120 mM, and 3.84 (s À1 ) respectively. Iem exhibited lower values pecific activity, K M , and k cat than Iso, another isoeugenol monooxygenase from P. putida IE27. 11) This suggests that while Iem had slightly higher affinity for isoeugenol than Iso, the substrate turnover was lower, but the enzyme efficiency, represented as k cat /K M (mM À1 s À1 ), of two enzymes was almost the same. LC/MS analysis identified ions (223.17 m=z) at ½M À H À for acetaldehyde-2,4-dinitrophenylhydrazone (data not shown), suggesting that Iem also produced another reaction product, acetaldehyde from isoeugenol, as did Iso, 11) but precise stoichiometric determination of vanillin and acetaldehyde was not achieved due to the instability of acetaldehyde in the reaction solution.
Optimum temperature, pH, and temperature stability The optimum temperature of Iem was investigated from 10 s to 50 C. Maximum activity was detected at 30 C, similar to that seen for Iso. 11) Enzyme activity dramatically decreased at 37 C (26% of one at 30 C), and almost entirely ceased above 40 C (1%). The optimum pH of Iem was observed at pH 9.0 in 0.1 M glycine-NaOH buffer. Iem, however, did not catalyze reactions at under pH 6, particularly in sodium acetate buffer, indicating a preference for alkaline conditions. The pH 9.0 optimum for the Iem reaction is close to the pK a (9.5) for isoeugenol. 19) The high optimum pH for Iem reaction might have been due to preferential binding of the phenolate form of isoeugenol to the enzyme. Fraaije et al. 20) and van den Heuvel et al. 21) have suggested that vanilly-alcohol oxidase (VAO), which catalyzes the oxidation of 4-(methoxymethyl) phenol to 4-hydroxybenzaldehyde, also prefers the phenolate form of the substrate.
The thermostability of Iem was examined at various temperatures in 20 mM phosphate buffer (pH 7.0). Iem retained its activity at temperatures of up to 20 C for 30 min, but lost 7% of its activity at 30 C. In contrast, Iso lost 20% of its activity at 30 C, 11) indicating that Iem is slightly more thermostable than Iso. Iem activity, however, was dramatically reduced by incubation at 40 C, and all activity was lost at 50 C, similarly to Iso. Iem activity at 30 C in buffer A gradually decreased over time, and it still retained 20% of its initial activity after the 3-d incubation period.
Effects of cofactors on Iem activity
Several metals and organic cofactors were added to the enzyme reaction mixture to determine the necessity of the cofactors for Iem activity ( Table 2) . No significant changes in Iem activity were observed with the addition of Fe(II), Fe(III), Mg(II), Mn(II), Mo(II), NADH, FAD, or ascorbic acid. These results are consistent to those for Iso. 11) Metal chelators, EDTA, 1,10-phenanthroline, and Tiron, also had no effect on Iem activity. In contrast, the addition of Co(II), of Ni(II), and of Zn(II) to the reaction mixture resulted in 60, 51, and 65% reductions in enzyme activity, respectively. These metal ions can inhibit enzyme activity by replacing iron in the catalytic residues. 22, 23) Substrate range of Iem Iem exhibited no activity toward any of the phenylpropanoid and styrene compounds tested, indicating that isoeugenol monooxygenase has a very narrow substrate range. This is similar to the results for Iso. 11) This might have been due to either a unique property of isoeugenol, or to an inflexible substrate binding site in the enzyme.
Incorporation of oxygen into isoeugenol
Iem showed considerable amino acid identity with carotenoid dioxygenases, 10) which catalyze the oxidative cleavage of double bonds to form two aldehyde products. 24, 25) Their reaction mechanisms, which occur via monooxygenation or dioxygenation, have been still controversial, although they are referred as dioxygenases. The epoxide (produced via the monooxygenases) and dioxetane (from dioxygenases), which carry one or two oxygen atoms derived from O 2 , are proposed intermediates. 25) Computational analyses based on the crystal structure of ACO indicated that the dioxygenase mechanism was slightly favored over that of the monooxygenase, 26) but a monooxygenase mechanism has been proposed for carotenoid oxygenases. 24, 27) To investigate the origin of the oxygen in vanillin ( Fig. 2A) , Iem was incubated with 18 O 2 or H 2 18 O and isoeugenol, and the mass spectra of the vanillins produced were acquired. With unlabeled oxygen, the major peaks of vanillin appeared at 151.1 and 152.1 m=z (Fig. 2B) . However, the relative intensities of the increased masses (M þ 2) at 153.1 and 154.1 m=z of vanillin from the reaction solutions incubated with 18 O 2 /H 2 O and O 2 /H 2 18 O were higher than the control, indicating that the incorporated oxygen was derived from dioxygen and water. 11) Moreover, the relative intensities of the peaks at 153.1 and 154.1 m=z with 18 O 2 , and the slightly increased intensities of the peaks with H 2 18 O ( Table 3 ), suggest that incorporation of oxygen atoms derived from dioxygen and water did not occur with a 1:1 ratio. This is in contrast to the results for -carotene 15,15 0 -monooxygenase, which exhibited equal incorporation of oxygen atoms. 27) Furthermore, several studies have indicated an the exchange of oxygen between the product and water. 25, 28) To further demonstrate nonenzymatic incorporation of labeled oxygen from water into vanillin, authentic vanillin was incubated with H 2 18 O for up to 20 min, and the relative intensities at 151.1 and 152.1 m=z were compared ( Table 4 ). The results clearly indicated the abiotic oxygen exchange between hydroxyl group of vanillin and water. 25, 28) In addition, the intensity of the labeled authentic vanillin at 20 min was as high as that from the vanillin produced by Iem. These results suggest that the oxidative cleavage of isoeugenol by Iem was catalyzed by a monooxygenation reaction, and that the incorporation of an oxygen atom into vanillin preceeded mainly from dioxygen. 25) Effect of site-directed mutagenesis of the four conserved histidine residues of Iem on its activity
The deduced amino acid sequence of Iem showed significant identity to the bacterial lignostilbene dioxygenases, and to carotenoid oxygenases such as ACO.
10)
The Iem from P. nitroreducens Jin1 contained four conserved histidine residues, as suggested by the crystal structure of ACO, probably coordinate with Fe 2þ . 14) In addition, three glutamates (corresponding to Iem positions 135, 349, and 413), which appear to fix three histidine residues with hydrogen bonds, 14, 26) were also conserved (Fig. 3) in Iem. Based on these observations, we postulated that iron is important for Iem activity.
To determine the roles of these four histidines in Iem activity, mutants in which the histidine residues were independently replaced with alanine were constructed.
E. coli expressing Iem with H167A, H218A, H282A, and H417A mutations had <1% of the activity of wild-type Iem. This was probably due to the inability of the mutant Iems to bind iron due to a loss of conserved his residues. Similarly, mutations of the four conserved His residues in mouse -carotene 15,15 0 -monooxygenase-1 caused a total loss of activity, and the bound iron was much lower in the mutants than in the wild-type enzyme. 29) Based on our results, the four conserved histidines of Iem are likely to be key residues for Iem activity. 29, 30) We also replaced His 205 with alanine as control, which residue is conserved only in Iem and Iso. 10 ) Surprisingly, Iem H205A showed only 6.8% activity relative to the wild type, suggesting that the histidine at 205 is also a residue for the activity of the isoeugenol monooxygenases Iem and Iso. Further structural analysis of Iem should elucidate the role of His 205 in enzyme activity.
Metal analysis and chelation of Iem
Although the conserved histidines were identified as key residues for Iem activity, the addition of Fe ions to the enzyme assay solution did not increase Iem activity (Table 2 ). This is similar to what has been reported for Iso.
11) ICP-MS analysis of the iron content of the enzyme showed 0:70 AE 0:03 mole iron per mole of enzyme, indicating that Iem is probably an iron-containing oxygenase, but no other metals were detected.
In order to examine the effects of iron chelators on enzyme activity, 0.1 mg/mL of Iem was incubated with 20 mM of 1,10-phenanthroline, Tiron, and a mixture of the two for 12 h at 4 C. 31, 32) Twenty 20 mM Tiron Table 3 . ÃÃÃÃ -indicates not detected. Five histidines were changed to alanine. Four histidines (167, 218, 282, and 417) and three glutamates (135, 349, and 413), conserved among carotenoid oxygenases 29) are indicated in bold and by underlining.
resulted in near total inhibition of Iem activity, and 1,10-phenanthroline inhibited enzyme activity up to 90% of that for the control (Table 5 ). Removal of the chelators by ultrafiltration resulted in a slight restoration of Iem activity, indicating that iron is involved in the enzyme reaction. The results shown in Table 5 , however, also indicate that iron was not completely removed by the chelators. The lower iron content of the Iem incubated with Tiron and the mixture than that for 1,10-phenanthroline was presumably due to chelation of autoxidized Fe 3þ by Tiron and the simultaneous chelation of Fe and Fe 3þ by the mixture of chelators. However, since the molar ratio of chelators to Iem was 11,000:1, our results suggest that iron ions are tightly bound to the enzyme. Moiseyev et al. 33) reported that RPE65, which is responsible for the generation of cis-retinal and also has four conserved histidines, showed dose-dependent inhibition of enzyme activity with a relatively high concentration of chelators.
Here we report the purification and analysis of isoeugenol monooxygenase, which is responsible for the production of vanillin through oxidative cleavage of isoeugenol. The enzyme exhibited strict activity towards isoeugenol, and did not require the addition of any cofactor. However, site-directed mutations in four conserved histidine residues in Iem resulted in a complete loss of activity, indicating that Iem is probably a metalloenzyme. In addition, ICP-MS analysis and chelator-treatment experiments strongly suggested that Iem is a tight-binding, iron-containing oxygenase for the activation of dioxygen to be incorporated into a carbon double bond on the side chain of isoeugenol. Iem has traits similar to Iso, but here we confirmed the importance of conserved histidine residues for enzyme activity, a widely spread mechanism through the three domains of life. The four conserved histidine residues in oxygeanses are diverse and their substrates are very varied from hormone precursor to plant secondary metabolites, which usually share carbon double bonds incorporating oxygen. Ã Assays were performed for 12 h at 30 C after chelators were added to the reaction solution. ÃÃ ICP-MS analysis was carried out with 100 mg of purified Iem after ultrafiltration. ÃÃÃ mM of vanillin produced from isoeugenol. ÃÃÃÃ Mixture of 10 mM of 1,10-phenanthroline and 10 mM Tiron. y ND, not determined.
